The isolation of X transducing phages carrying the phenylalanine (phe) operon of Escherichia coli (1) has facilitated the cloning of this operon onto plasmid vectors. We have mapped the phe operon by cleavage with restriction endonucleases and by genetic analysis. In this paper we report that there is a transcribed leader region of about 170 base pairs (bp) immediately preceding pheA, the sole structural gene of the phe operon. The function of this region in the regulation of phe operon expression is discussed.
terminus about 140 nucleotides from the 5' end (transcription termination occurs in an A'T-rich region which is subsequent to a GC-rich region; just beyond the site of transcription termination there is a sequence corresponding to a ribosome binding site and the AUG translation start codon of the pheA structural gene); (iv) a sequence which would permit extensive intrastrand stable hydrogen bonding. In addition to GC-rich stem structures, highly analogous to those proposed for the leader RNAs of the tryptophan operons of E. coli and Salmonella typhimurium [Lee, The isolation of X transducing phages carrying the phenylalanine (phe) operon of Escherichia coli (1) has facilitated the cloning of this operon onto plasmid vectors. We have mapped the phe operon by cleavage with restriction endonucleases and by genetic analysis. In this paper we report that there is a transcribed leader region of about 170 base pairs (bp) immediately preceding pheA, the sole structural gene of the phe operon. The function of this region in the regulation of phe operon expression is discussed.
MATERIALS AND METHODS
Construction and Preparation of Plasmids. The methods used for ligation, transformation, and preparation of plasmid DNAs were essentially those described in Selker et al. (2) .
Restriction Mapping. The methods used for restriction endonuclease digestion and analysis of DNA fragments by agarose and polyacrylamide gel electrophoresis have been described (3) . A detailed restriction analysis of the phe operon will appear elsewhere.
In Vitro Transcription. Plasmids and restriction fragments were transcribed and the 32P-labeled RNA products were analyzed by electrophoresis on 10% polyacrylamide/Tris borate/EDTA gels containing 7M urea as described (4 These studies were performed in accordance with the National Institutes of Health guidelines on recombinant DNA research.
RESULTS
Isolation and Mapping of Plasmids Carrying the Phenylalanine Operon. The fragments generated by EcoRI restriction of the DNA of Xtyr2, a transducing phage carrying the entire phe and tyr operons of E. coli (1), were ligated into the EcoRI site of the plasmid vector pMB9 (5). The mixture was used to transform a pheA -strain to prototrophy. All of several independent pheA+ transformants examined carried plasmids containing a 6000-bp insert into the EcoRI site of pMB9. Characterization of one such plasmid, pKB45, showed that the 6000-bp insert also carried the tyr operon (structural genes: aroF, tyrA) (6) . The physical location of pheA on the 6000-bp fragment ( Fig. 1 ) was established by recloning segments of this fragment onto the plasmid vector pBR322 (7) . Plasmid pKB220, which carries the 1730-bp Pst I-BamHI fragment, has a functional pheA gene. The BamHI site in pKB220, and the Hae III site 400 bp to its left, are absent in a pheA + plasmid, pKB472, which carries a spontaneous deletion entering from the BamHI site (Fig. 1) . These results show that the 1300-bp Pst I-Hae III region has a functional pheA gene. pheA should be about 1000 bp long on the basis of the estimated molecular weight of 40,000 for the pheA gene product, chorismate mutase-P-prephenate dehydratase (8) . The phe operon is transcribed toward the tyrosine operon ( Fig. 1) ( In Vitro Transcription of the phe Operon. To locate the promoter of the phe operon, we isolated and transcribed DNA restriction fragments from the region to the right of the Pst I site (Fig. 1) . As shown in Fig. 2 (Fig. 1) were prepared and sequenced as described by Maxam and Gilbert (10) . The inferred RNA sequence from bp 1, the likely transcription initiation site for the phenylalanine operon, to bp 196 is shown in Fig. 3 . The lengths of sequence runs, the extent of overlaps, and directions of sequencing are shown in Fig. 1 (Fig. 3) . The RNA sequence that is presented is deduced from the DNA sequence analysis of this region. The inferred site of transcription initiation is designated position 1. Contiguous bases 5' to the translation initiation codons which are complementary to the 16S ribosomal RNA 3' end (AUUCCUCCACUA) are underlined boldly. Amino acid codons in phase with the translation initiator codons are finely underlined. The amino acid sequence of the putative phe leader peptide is shown. The amino acid sequence of chorismate mutase-P-prephenate dehydratase, the pheA protein, is also shown. The T4e6 tryptic decapeptide of the pheA protein is Thr-Ser-Glu-Asn-Pro-Leu-Leu-Ala-Leu-Arg (11).
At residues [22] [23] [24] of the phe leader transcript there is an AUG codon in the center of a potential ribosome binding site. The purine-rich region around this presumed AUG translation initiation codon exhibits extensive homology with the ribosome binding sites for E. coli lacZ and trpE (12, 14) . Also within this proposed ribosome binding site are six contiguous bases, residues 9-14, centered 11 or 12 residues 5' to the AUG codon, which are complementary to the six 3'-terminal residues of 16S ribosomal RNA. This complementarity to 16S ribosomal RNA is a common feature of ribosome binding sites (15, 16) . At approximately the same location in the E. coli trp leader transcript (residues 27-29) there is also an AUG translation initiation codon (12) . The region around this AUG codon has been shown to bind ribosomes in vitro (17) and to be utilized in vivo for initiation of translation (18, 19) .
There are 15 in phase amino acid codons in the phe leader transcript extending from the AUG start codon to a translation stop codon, UGA. In the E. coli and S. typhimurium trp leader transcripts there are sequences coding for 14-residue peptides (13) . Although 2 of the 14 amino acids of the predicted trp leader peptides are tryptophan residues, it is startling to observe that out of the 15 amino acid residues in the predicted phe leader peptide, 7 are phenylalanine (Fig. 3) . The Phe residues are clustered in two groups of three, residues 6-8 and 10-12, with the seventh Phe residue at position 14. The two tryptophan residues in the trp leader peptides of E. coli and S. typhimurium are adjacent, occurring at positions 10 and 11. Seven consecutive His residues occur in the predicted 16-residue his leader peptide of S. typhimurium (20) . Thus, in the phe, trp, and his leader peptides there are multiple codons for the respective amino acids.
The phe leader region contains an A-T-rich region (residues 140-159) immediately preceded by a G.C-rich region (residues 119-139). This is characteristic of several transcription termination regions (21) and closely resembles those in the leader segments of the trp operons of E. coli (13), S. typhimurium (13), Shigella dysenteriae (22) , and Serratia marcescens (G. F. Miozzari and C. Yanofsky, unpublished results). The occurrence of this termination region in the phe operon accounts for the approximately 140-b leader RNA transcript as the major in vitro transcription product of DNA carrying an intact phe operon promoter and leader region (Fig. 2 ). The precise nucleotide pair in the A-T-rich segment of the phe leader region at which termination occurs is not yet known. In E. coli, the trp leader transcript terminates with U 7-8 in vitro and U 4-8 in vivo (23) .
The start of the pheA structural gene, and therefore the end of the phe leader region, is at base pair 169. The sequence of the 20 ribonucleotides immediately beyond the AUG codon corresponding to base pairs 169-171 correlates precisely with the sequence of the first eight amino acids of a decapeptide, T4e6 (11) , derived from the pheA protein, chorismate mutase P-prephenate-dehydratase. There are no other possible translation start sites for the pheA protein since the AUG codon at position 169-171 is preceded by tandem in-phase stop codons at position 148-153 (Fig. 3) . Therefore, this AUG codon must be the start codon for the pheA protein. Also, further 3' to the AUG codon, we have found numerous correlations between our DNA sequence and the amino acid sequence of peptides derived from the pheA protein (D. Killingly, W. Stern, and K. D. Brown, unpublished results). The AUG start codon is in the center of a purine-rich potential ribosome binding site (residues 155-182). This region includes four contiguous residues (residues 158-161) complementary to the 3' terminal sequence of 16S ribosomal RNA. Secondary Structure of the Phenylalanine Leader Transcript. phe leader RNA has the potential for considerable secondary structure (Fig. 4) . Much of this structure is remarkably similar to that described for the leader transcripts of the trp operons of E. coli and S. typhimurium (4) . In particular, a G-C-rich.segment (residues 119-126) is able to pair with two different regions of leader RNA. This permits two alternative stem and loop structures (Fig. 4) . Residues 116-126 can pair with residues 132-142, forming a stem and loop structure immediately preceding the presumed 3'-OH end of the transcript. Stability calculations (24, 25) A A striking feature of phe leader RNA is that it has the potential to form a third hydrogen bonded region with high stability (Fig. 4) . This would involve base-pairing between the region coding for the seven Phe codons (residues 36-59) and residues (1978) 
